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Abstract 
 
Fed-batch fermentation of a local isolate Comamonas sp EB 172 was carried out 
using clarified organic acid mixtures obtained from acidogenic fermentation of palm oil 
mill effluent. Polymer accumulation was initiated by adding nitrogen free mineral media 
into the culture grown in nutrient-rich media. During pH-stat feeding with mixed organic 
acids, oxygen limitation was observed from 20 h of fermentation which corresponds to the 
onset of polymer synthesis. Dry cell mass reached 10 g/L within 48 hr of cultivation with 
73% PHA content. Electron micrographs of thin sections showed that the cell accumulated 
more than six P(3HB-co-3HV) granules per cell. When the oxygen supply was restored, 
cell mass reduced to 5.9 g/L and polymer accumulation greatly reduced to 42%. Oxygen 
limitation coupled with nitrogen limitation appeared to be responsible for the higher PHA 
accumulation and cell mass. Formation of P(3HB-3HV) copolymer was confirmed by GC 
and FT-IR analysis. 
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1.  Introduction 
PHAs have sparked global interest due to many advantages such as thermoplastic properties, 
biodegradability, biocompatibility and its ability to be synthesized from renewable resources (Yashotha 
et al 2006). Among the variety of PHA copolyesters, poly(3-hydroxybuyrate-co-3-hydroxyvalerate) 
copolyesters (PHBV) are of particular importance. PHBV has a lower melting point and much better 
flexibility and has been commonly used in many applications (Yu et al 2005). 
Biosynthesis and accumulation of this biopolymer is known to occur in most bacteria if a 
carbon source is provided in excess and another nutrient such as nitrogen, sulphur, phosphate, iron, 
magnesium, potassium or oxygen is limiting (Steinbuchel and Schegel, 1989). Although the role of 
dissolved oxygen concentration in PHB synthesis has been investigated in details (Sonnleitner et al 
1979; Carter and Dawes 1979; Lefevbre et al 1997; Jackson and Dawes 1976; Senior et al 1972), 
information on PHBV production under low supply of oxygen simultaneous to nitrogen limitation are 
rather scarce. 
Accumulation of PHBV in microorganisms like Alcaligenes eutrophus, recombinant E. coli, 
Haloferax mediterranei, Rhodococcus ruber, Bacillus cereus etc. has already been reported (Yu et al 
2005; Chen et al 2006; Liu et al 2008; Yan et al 2007; Anderson et al 1995 ). However, there is a need 
to explore a local and new bacteria for their capability in producing copolymer. 
Volatile short chain fatty acids (VFA) like acetic, propionic and butyric acids are some of the 
most important intermediates in the anaerobic biogas process (Pind et al 2003). Anaerobic fermentation 
can be applied as a pretreatment to convert various organic compounds to VFAs thereby increasing the 
potential to produce PHA from the wastewater (Bengtsson et al 2008). However, depending on pH and 
concentration, these acids are toxic and inhibitors to the bacterial cells. pH stat feeding strategy has 
therefore been widely applied to maintain the concentration of residual acids below inhibition level 
(Du et al 2001; Kobayashi et al 2000). 
In the present study, we have reported the ability of a local isolate, Comamonas sp. EB 172 to 
produce considerable amount of PHBV when fed with mixed organic acids under dual-nutrient limited 
conditions using pH-stat. 
 
 
2.  Materials and Methods 
2.1. Microorganisms 
Comamonas sp. EB 172, isolated from anaerobic digester treating palm oil mill effluent (POME) 
wastewater was used in this study. The strain is capable of producing PHBV from organic acids as sole 
source of carbon (Zakaria et al 2008). The details of the bioconversion of anaerobically treated POME 
to organic acids have been published elsewhere (Mumtaz et al 2008). 
 
2.2. Cultural conditions 
Cultures of Comamonas sp. EB 172 were maintained in 20% glycerol stock at -30ºC in nutrient broth. 
Prior to each fermentation, cells of Comamonas sp EB 172 were transferred from glycerol stock to 250 
ml shake flask containing 50 ml of a nutrient rich medium (8 g/L nutrient broth and 1 g/L yeast extract) 
for 24 h on a rotary shaker at 200 rpm and 30ºC. The seed cultures (50 mL), was then inoculated in the 
bioreactor. 
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Mineral media used for PHA accumulation contained (in g L-1): 1.0 NaHCO3, 0.01 
CaCl2.2H2O; 0.123 MgSO4.7H2O; 0.024 Fe(NH4)2(SO4)2.6H2O; 5.0 CH3COONa and 1.0 ml trace 
elements solution (Hassan et al 1997). 
 
2.3. Fed-batch Fermentation in 2 L Bioreactor 
In fed batch pH stat experiment, 50 ml culture was introduced into the nutrient rich media (750 ml) in 2 
L fermenter (BIOSTAT B, B. Braun Biotech Int. GmbH, Germany) with a working volume of 1.5 L. 
Initially, pH of the medium, air flow rate and agitation speed in the fermenter were set at pH 7.0, 1.0 
vvm and 200 rpm, respectively. Dissolved oxygen was measured with an Ingold polarographic probe 
and maintained at or above 30% by adjusting the agitation speed up to 1,200 rpm and by manually 
adjusting air flow at 1-8 vvm. 
Polymer accumulation was initiated by aseptically adding 200 ml of mineral media in the 
culture broth after 12 h. pH stat feeding with the mixture of acetic, butyric and propionic acids was 
commenced at 13 h of cultivation at pH 7.0. Feeding of acids was controlled by the pump integrated 
with the fermenter automatically and the feeding stock had a concentration of 55 g/L of mixed clarified 
organic acids. The ratio of acetic:n-butyric:propionic was 2:1:1. 
 
2.4. Fed-batch Fermentation in 7 L Bioreactor 
The growth and PHB production under fed-batch cultivation was also studied in a 7 L bioreactor 
(Bioengineering AG, Switzerland) with a working volume of 4 L. The media and cultivation conditions 
were similar to that in 2 L. The fed batch cultivation was initiated as batch with an initial working 
volume of 2.25 L. After 12 h, at a biomass concentration of 1 g/L, 600 ml of mineral media was 
introduced in the bioreactor. Fermentation was continued for 52 h with pH-stat feeding at 30ºC, pH 7.0 
and the dissolved O2 concentration maintained at 30% of air saturation. 
 
2.5. Polymer Extraction 
After fermentation, cells were harvested and centrifuged at 14,536 x g and 20ºC in a Sorvall Legend 
RT+ Centrifuge and freeze-dried. Polymer was extracted from dry bacterial cells (5 g) with hot 
chloroform (350ml) in a soxhlet apparatus for 6 h. The chloroform extract was filtered and 
concentrated in an EYELA rotary evaporator to approximately 42 ml at 50ºC and the polymer was 
precipitated with at least 85 ml of cold hexane at 55ºC. After the solvents had evaporated, the 
precipitate was dried under vacuum at room temperature. 
 
2.6. Analytical Procedures 
The optical density of the culture medium was measured with a spectrophotometer (Hitachi U 2900) at 
600 nm. DCW was determined by gravimetric method The sample was centrifuged (Thermo 
Biocentrifuge PrimoR) at 10,000 rpm for 10 min and the supernatant was taken for analysis of organic 
acids and ammonium nitrogen. Organic acids were detected by HPLC (Shimadzu 1100 equipped with 
a RID detector, USA) with an Aminex HPX-87 column (300 x 7.8 mm, Bio-rad, USA) and 4mM 
H2SO4 as mobile phase. Ammonium nitrogen was detected using the Nessler’s reagent colorimetric 
method (HACH DR 2800). 
PHB composition was determined by GC with benzoic acid as an internal standard (Yu et al 
2002). Freeze-dried cell samples were suspended with 2 ml of methanol containing 15% (v/v) H2SO4 
and 0.2% (w/v) benzoic acid (internal standard) and 2 ml of chloroform. Methanolysis was carried out 
in a water bath at 100°C for 3.5 h with periodic vigorous mixing. After cooling to room temperature, 2 
ml distilled water was added and vortexed for 1 min. The resulting emulsion was left overnight for 
phase separation. The organic phase was used for GC analysis. PHB content (% wt) was measured by 
HPLC Aminex 87H- column and defined as the percentage of PHB mass in the dry cell weight 
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2.7. Ultrastructural Analysis by Transmission Electron Microscopy (TEM) 
Cell morphology was examined by transmission electron microscopy. Harvested cells were 
centrifuged, cell pellets were then prefixed with 4% glutaraldehyde and were washed in sodium 
cacodylate buffer. Cells were then post-fixed in 1% osmium tetroxide at 4ºC for 2 hrs. Post-fixed cells 
were washed thrice with same buffer and later dehydrated with a graded acetone series. After 
dehydration, cells were infiltrated with acetone and resin mixtures and then embedded in resin. Ultra-
thin sections of the sample embedded in epoxy resin were prepared with an ultramicrotome, stained 
with uranyl acetate and lead citrate respectively, for 10 min and examined with transmission electron 
microscope (Hitachi H7100 TEM). 
 
2.8. FT-IR Analysis 
The chemical structure of solvent extracted copolymer was confirmed by FT-IR spectroscopy by 
comparing with standard PHBV from Aldrich Chemical (USA). The biopolymer was first dissolved in 
chloroform and added to KBr pellets and then the solvent was evaporated. The infrared spectra of the 
samples were recorded in the wave number range from 250 to 4000 cm−1 using a Perkin Elmer Fourier 
transform infrared (FTIR) spectrophotometer (model 1725X) using KBr disc. 
 
 
3.  Results 
3.1. Fed-batch Fermentation in 2 L Bioreactor 
The growth of Comamonas sp. EB 172 in nutrient rich media in 2 L bioreactor was continued till late 
stationary phase (12 h). Dissolved oxygen tension was high during growth phase and pO2 value 
dropped from 100% to 30% within 8 h after which cascade was operated to keep the oxygen level at 
30%. pH was increased from 7.0 to 8.4 during growth phase and was lowered down to 7.5 before 
adding production media. Ammonium nitrogen in the culture broth was found to increase from 66 
mg/L to 340 mg/L during growth phase and was depleted gradually during production phase. The 
growth further accelerated after the addition of production media at 12 h of incubation and pH-stat 
feeding with acids was commenced at 13 h. At 17 h, even the upper limits given to the stirrer speed 
(1200 rpm) and air flow controller (8 vvm) were no longer sufficient to maintain the dissolved oxygen 
at 30 %. From 20 h onwards, pH-stat fermentation proceeded under oxygen limitation with the pO2 
value of zero. 
 
Figure 1: Fermentation profile of Commamonas sp. EB172 during PHBV production in 2 L bioreactor. 
Vertical dotted line marks the transition of growth phase to production phase Values are average of 
two independent experiments. 
 
0
2
4
6
8
10
12
0 4 8 12 16 20 24 28 32 36 40 44 48
Time (hr)
 P
HB
 (g
/L
), 
CD
W
 (g
/L
)
0
10
20
30
40
50
60
70
80
90
PH
A 
co
nt
en
t (
%
), 
O
D
  6
00
CDW (g/l) PHB (g/l) OD 600 PHA content (%)
 
DOC = 
100% to 30% DOC =30%
Oxygen limited phase
DOC =0%
378 Tabassum Mumtaz, Suraini Abd-Aziz, Nor’Aini Abdul Rahman, 
Phang Lai Yee, Yoshihito Shirai and Mohd Ali Hassan 
 
As shown in Fig. 1, polymer accumulation was initiated after 20 h of overall cultivation or 8 h 
of production phase. The accumulation of PHB in this strain seems to be a growth-associated process. 
The PHA content was 5% as analyzed by HPLC at 20 h. GC analysis of sample revealed homopolymer 
of HB produced at 20-28 h and HV content was varied from 9-15% during fermentation. Final polymer 
obtained was 86% HB and 14% HV. The PHA content increased to 73% at the end of fermentation 
which was further confirmed by transmission electron microscopy. 
Acetic acid and propionic acid was not detected at the end of fermentation (Fig. 2). Only 
butyric acid was kept at 3-4 g/l. The acid-uptake rate was varied from 4.68 ml/h to 10.62 ml/h during 
fermentation. 
 
Figure 2: Organic acids profile during PHA production phase of Commamonas sp. EB172 in 2L bioreactor. 
Values are average of two independent experiments. 
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3.2. Fed-batch Fermentation in 7 L Bioreactor 
In order to know whether insufficient dissolved oxygen in the previous fermentation experiment has 
any affect on polymer accumulation of Commaonas sp. EB 172, fermentation was carried out in 7 L 
bioreactor. During growth phase, as in 2 L, the dissolved oxygen was rapidly exhausted within first 
four hours from 100% to 30%. However, during production phase, oxygen limitation was not 
encountered as in 2 L and was maintained at and over 30% throughout the fermentation (Fig. 3). Initial 
pH increased from 7.0 to 8.2 during growth phase and was brought back to 7.0 at the onset of pH-stat 
feeding with mixed acids. During fermentation 960 ml of mixed organic acid was fed into the 
bioreactor. Residual acid concentration varied from 2- 4 g/L. 
PHBV continuously accumulated till 32 h after its production was detected at 20 h of 
cultivation, resulting in the increase in CDW (Fig 4). PHBV content in the cells reached a maximum, 
47% of CDW, at 32 h of cultivation. After that the CDW and PHBV concentration was maintained and 
at the end of fermentation (52 h) polymer content reduced to 42% with final CDW of 5.9 g/L. During 
accumulation of PHBV, monomer composition of the synthesized copolymer changed. The principal 
monomer unit shifted from 3HB at the start of the polymer accumulation to 3HV; the mole fraction of 
3HV increased from 9% to 13%. 
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Figure 3: Time profile of dissolved oxygen concentration, agitation speed and pH during PHBV fermentation 
in 7 L bioreactor 
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Figure 4: Fermentation profile of Comamonas sp. EB 172 during fermentation in 7 L bioreactor. Vertical 
dotted line marks the transition of growth phase to production phase. Values are average of two 
independent experiments. 
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3.3. Ultrastructural Analysis 
Comamonas sp. EB 172 is a gram-negative, bacillus-shaped, non-spore-forming bacterium. A series of 
thin sections of our isolate containing PHA inclusions are shown in Fig. 5(a-f). Under electron 
microscope, cells occurred singly and gradually swollen during polymer accumulation. One to two 
granules with a diameter of 101-165 nm were observed at 20 h of fermentation. The size of the 
granules increases gradually from 179-324 nm at 28 h and 286 -457 nm after 40 h. The number of 
granules were 5-9 in each cell at this point. Figure 2e shows the highest no of granules accumulated in 
the cell of Comamonas sp. 
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Figure 5: TEM images of Comamonas sp EB 172 during fed-batch fermentation at (a) 20h, 40,000x; (b) 28h, 
20,000x (c) 40 h, 20,000x (d) and (e) 44 h, 40,000x and (f) 48h, 40,000x; of incubation fed with 
mixed organic acids. 
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At 44 h, the number of granules was maintained but become larger having diameter of 350-670 
nm. At the end of fermentation, the cells were found to be distorted. Granule coalescence was also 
noticed (Fig. 5e). 
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3.4. FT-IR Analysis 
The FTIR spectra (Fig. 6) were analyzed in order to confirm the practically identical structure of 
commercial PHBV with our polymer. The band appeared at 1452 cm-1 corresponded to the 
asymmetrical deformation of C–H bond in CH2 groups including CH3 groups at 1379 cm-1. The band 
at 1725 and 1277 cm-1 corresponded to the stretching of the C=O bond, whereas a series of intense 
bands located at 1000–1300 cm-1 corresponded to the stretching of the C–O bond of the ester group. 
All bands in the sample were identical to that of standard PHBV 
 
Figure 6: FT-IR spectra of standard PHBV (a) and from Comamonas sp EB 172 (b). 
 
(a) 
(b)  
 
 
4.  Discussion 
To simplify PHBV production process, the separate growth phase in shake flasks followed by cell 
harvesting was eliminated and the whole process was carried out in bioreactor. No additional nitrogen 
was supplied during production phase and nitrogen content was limited (300 -10 mg/L) during 
production phase. This range was found to be optimum for PHB production by Comamonas 
testosteroni (Thakor et al 2003). Higher cell dry weight and PHB yield (0.5g/g) was obtained in 
oxygen-limited conditions compared to high dissolved oxygen condition (30% during production 
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phase). Cell mass reduced to 5.9 g/L and PHA content was also decreased to 42% (Fig. 1 and Fig. 4) 
when oxygen was maintained at and above 30%. 
The presence of propionic acid in the substrate, favoured the biosynthesis of copolymer 
consisting of 3HB and 3HV units. The highest fraction of HV unit found was 14%, This HV content 
may be the maximum content because propionic acid does not exclusively generate 3HV units (Loo 
and Sudesh 2007) and more of HB unit formed from the major acetic and butyric acids. The toxic 
effect of propionic acid was not encountered since it was maintained at 1g/L concentrations. Residual 
acid concentration was varied from 2-6 g/L which results in the efficient utilization of carbon sources 
for the polymer production (Linko et al 1993). Although the fermentation was carried out at relatively 
higher speed, cells remain intact till the end. No membrane around the granules was observed in the 
thin sections of cells under electron microscope. Upon cell disruption, PHA granules are known to be 
surrounded by limiting membranes as revealed by TEM images(Dunlop and Robards 1973). The 
number of granules ranged from 6-9 and PHA content as determined by HPLC was 70%. Almost 
complete occupation of a large number of granules in the cell volume could be explained by the lower 
density and bigger size of P(3HB-co-3HV) granules compared with P(3HB) granules (Loo and Sudesh 
2007). 
A high ratio of carbon to nitrogen or carbon to phosphorus and low oxygen supply, conditions 
known to increase PHB production in other systems (Ward et al 1977, Lageveen et al 1988; Lefebre et 
al 1997, Woo et al 2000, Nath et al 2007, Valappil et al 2007).Our preliminary results showed that 
oxygen limitation simultaneously with nitrogen limitation significantly increased PHB yield in our 
isolate. It is supposed that the level of dissolved oxygen in bioreactor as well as the timing to decrease 
DO level have considerable effect on the final polymer concentration. Our further studies will focus to 
address this issue. The one-stage PHA production strategy stated here has potential for scaling up, 
since harvesting cells during inocula preparation was eliminated and carbon nitrogen ration was not 
taking into account. Nitrogen free production media would further reduce media costs. Moreover, the 
total PHB production time was much shorter than the conventional two-stage process employed in the 
industry. 
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